• New method to produce mTBI propel rats' head toward stationary impact zone.
Introduction
Traumatic brain injuries (TBIs) are a mounting health concern resulting in millions of emergency department visits annually (NCIPC, 2014 ) and a growing national economic burden estimated at nearly 80 billion dollars in direct healthcare costs and indirect costs, such as lost productivity at work (Ma et al., 2014) . Approximately 75% of TBIs are classified as mild (mTBI), commonly referred to as a concussion (NCIPC, 2003) . While media attention towards the occurrence of concussions in contact sports has increased dramatically in recent years, the incidence and consequences of concussions in other domains may be underdiagnosed and overlooked. Whether sustained in sports or other ways, of particular concern is that even mTBI results in serious, long-term consequences (Ling et al., 2015; McKee et al., 2013; Stern et al., 2011) including emotion dysregulation and deficits in cognitive functioning, such as memory loss, learning deficits, and trouble concentrating (Fujimoto et al., 2004; McAllister et al., 2006; Walker and Tesco, 2013) . Unfortunately, mTBI is difficult to study as there are a wide range of criteria for diagnosis, many definitions, and a range of symptoms that may not fit into existing standards. Accordingly, developing and validating animal models is also a challenge and at present few experimental models exist that adequately and consistently reproduce the kinds of events, damage, and outcomes that are seen in human patients. Nonetheless, valid models are vital for advancing our understanding of symptoms and their underlying biological basis as well as the efficacy of treatment options and neuroprotective factors (O'Connor et al., 2011) . Additionally, these models allow researchers to learn more about the ways in which mild injury may differentially impact an individual based on age, biological sex, and past injury history. The aim of the present experiment was to assess a new animal model of mTBI for use with rodents that addresses limitations with and complements existing models.
Understanding the range and kinds of outcomes following mTBI in humans is challenging due to the difficulties in gathering data. Consequently, there is a dearth of information regarding injury mechanisms in current diagnostic coding, inconsistencies in diagnostic criteria, and a lack of gross anatomical findings using neuroimaging that leave critical gaps in mTBI research (Gao and Chen, 2011; Sharp and Jenkins, 2015; Walker and Tesco, 2013) . Another difficulty lies in understanding the complex biomechanical forces that produce a secondary injury cascade that lead to persistent neurological deficits. Researchers rely on animal models to address these issues and advance our knowledge on the mechanisms of injuries (Morales et al., 2005) . Animal models enable researchers to control for the injury mechanism, thus allowing characterization of specific components of TBI that include the primary and secondary injury cascades. Many such models have been developed and are used extensively in the field. Current models of non-penetrating impact TBIs, such as weight drop and controlled concussion paradigms, generally have the animal's head constrained and a projectile or impactor inflicts a brain injury (Cernak et al., 2010; Morales et al., 2005) . The acceleration and deceleration forces can be delivered along many axes, resulting in highly variable biomechanical injuries and associated outcomes (Eucker et al., 2011) . Absent or minimal in many models, however, is the rotational acceleration of the animal's head, which results in more frequent concussions (Walker and Tesco, 2013) . Further, forces delivered along the sagittal plane lead to worse physiological outcomes, with horizontal and sagittal components leading to the worst brain pathology (Eucker et al., 2011) . To incorporate rotational forces in our model, we used a beveled impact block that allows for rotational acceleration and deceleration primarily along the sagittal axis, with components of horizontal motion.
Another limitation of current models is that each attempts to isolate specific aspects of the injury induced, rarely capturing the entire profile of highly variable head injuries (Morganti-Kossmann et al., 2010) . Controlled cortical impact (CCI) and weight drop (WD) are widely accepted models for focal injuries and such are good replications of the mechanism of injury of that type as it may occur in humans. However, existing models of diffuse brain injury, including modified WD and lateral fluid percussion (LFPI), are not as good at replicating the mechanisms of injury comparably to that as it occurs in humans (DeWitt et al., 2013) . In the case of LFPI in which exposed brain tissue is subjected to a stream of fluid, the head is immobilized in a stereotactic device and unable to accelerate or decelerate after impact. Several WD models exist, but most share the feature of head immobilization, or limited motion at the time of impact.
The novel device used in the present study was designed to bring the animal's head into motion toward a stationary object and allow for recoil on the impact surface after the initial impact until the head came to rest. Accordingly, characterizing the behavioral and neural features arising from our novel model was the goal of the present study. Also examined was the extent to which these effects were sexually dimorphic. Many studies of mTBI only include male subjects and fail to explore the impact of biological sex on mTBI outcomes. Interestingly, little information is available on the differential effects of sex as a biological variable in animal models or gender in humans and what is known remains largely inconclusive (Bazarian et al., 2010; Cancelliere et al., 2016) . In some cases of TBI, studies report greater neuroprotection in females possibly due to hormonal differences (Bramlett and Dietrich, 2001; Djebaili et al., 2005) . Others report that gender is not a good predictor for mTBI outcome, but females more frequently report post-concussive syndrome associated with pain (Bazarian et al., 2010; Cancelliere et al., 2016) . The purpose of our study was to design an apparatus that could deliver reproducible, precise, and equitable injuries across females and males and lay a foundation for future work to address these open questions.
A key component in animal models is assessing the validity of the injury mechanism and the behavioral outcomes, such that the animal's symptomatology gives some predictive value to the human condition (O'Connor et al., 2011) . Immediately following the injury, we measured the latency to right and videotaped recovery to observe post-injury activity levels. In the subsequent days, we assessed locomotor activity and behavior in an open field test and spatial learning and memory using a water maze. These tests are well established in the literature, and provide a sensitive and reliable measure of rat emotion and cognition. We also sought to investigate underlying neural pathology that may align with behavioral findings. To evaluate hippocampal function and plasticity we examined the effects of injury on adult hippocampal neurogenesis. Based on previous reports, neurogenesis may be disordered following traumatic brain injury, though there are mixed findings on the specific nature of the outcome (Ibrahim et al., 2016; Robinson et al., 2016) . Using the marker for immature neurons, doublecortin, we tested the hypothesis that mTBI may lead to disrupted neuronal growth and migration. Additionally, we sought evidence that levels of neurotrophic factors may be altered in the injury cascade and specifically focused on brain-derived neurotrophic factor (BDNF), which plays a critical role in neural plasticity especially as it pertains to learning, memory, and emotion. Here too, we tested the hypothesis that neurotrophic response to injury is disrupted following mTBI.
Materials & methods

Subjects
The subjects were 32 female and male Sprague-Dawley rats (CD strain, Charles River Laboratories, Wilmington, MA; n = 16 of each sex). Rats arrived in the colony on postnatal day (PD) 23 and were housed in same-sex pairs in individually-ventilated, clear polycarbonate cages (30.8 × 30.8 × 18.7 cm; Thoren Caging Systems, Hazleton, PA) with ad libitum access to food and water. The colony was maintained on a 12:12 h light-dark cycle with lights on at 07:00 h and all procedures were carried out during the light phase. The colony temperature was 21 ± 2 • C with 40-50% humidity. Experimental procedures, described below, began when rats were PD 102; average weight for females was 288.88 g and the average weight for males was 456.19 g. All procedures were reviewed and approved by Colby College's Institutional Animal Care and Use Committee and in accordance with federally regulated standards.
Novel apparatus to induce mTBI in rats
The main goal of the current work was to characterize outcomes following mTBI induced using a novel apparatus, a schematic and image of which is displayed in Fig. 1 . This apparatus functions differently from existing models, in which the rat is stationary and an object is propelled toward it; in this case, the rat is in motion and propelled toward a stationary impact zone. To achieve this, rats were first anesthetized with isoflurane (Pirimal Healthcare, Patterson Veterinary Supply) delivered in 1.5% oxygen: induction was 2 and 3 min, respectively, for females and males. These differences in exposure times were based on past observations in the lab of the minimum induction durations for females and males, with female rats taking less time than male rats to reach surgical lev-els of anesthesia as indicated by reflexive reaction to a tail pinch. Once anesthetized, the rat was quickly positioned on its back on the 'rotating arm platform' (see Fig. 1 ) and secured in place with three Velcro straps around its upper torso and abdomen with its head freely moveable off the edge of the rotating arm platform. The rotating arm was then raised to the appropriate angle -175 • and 180 • for females and males, respectively. We elected to make this modest adjustment to reflect the differing body mass, musculature, and skull thickness of each sex. From the raised position, the rotating arm platform was released and thus swung freely downward allowing the back of the rat's head to hit the "impact zone" (see Fig. 1 ). The impact zone was equipped with a resistance pad designed to collect the force of impact. Unfortunately, the sensor was not useable as all impacts exceeded its capacity. Thus, we were unable to calculate the force of the impact of each rat or use force data in our analyses. Future work with our apparatus will focus on mechanisms to collect these kinds of data with improved sensors. Immediately following the impact, the rat was moved to recovery (see 2.3). This method of inducing mTBI in rats did not in any instance produce skull fractures, as evidenced by visual inspection of the head immediately after and of the skull at sacrifice. Sham rats were subjected to all procedures described with the sole exception of the release of the rotating arm platform and thus sustained no mTBI. Half of the females and males underwent mTBI; the remaining rats made up the sham groups. This resulted in the following experimental conditions: female mTBI; female sham; male mTBI; male sham (n = 8 in each condition).
mTBI recovery
Immediately following the impact procedures described above, each rat, including sham rats, were taken to a quiet room to recover. They were placed individually into a 45-cm 2 holding area onto an absorbent pad with one transparent wall through which video could be recorded. Video footage was collected for 10 min, at which time all rats were awake and moving and returned to their home cages in the colony. Videos were viewed by an impartial rater unaware of the rats' injury condition and coded for latency to first movements (emergence from anesthesia) and latency to right, operational defined as full support on all limbs. In addition, for each of 5 min following righting, the rater scored rats' activity levels on a scale from 0 to 5: 0 = stationary; 1 = movements within a localized area using forelimbs only; 2 = intermittent movements within half of the area of the cage; 3 = continuous movement within half of the cage; 4 = intermittent movements within the whole area of the cage; 5 = continuous movements within the whole area of the cage (Andine et al., 1999; Manahan-Vaughan et al., 2008) . Analyzing these motor behaviors over a 5-min period was designed to capture minute-to-minute changes in activity as a function of injury in female and male rats. The expectation that the activity of female and male rats may be differentially affected by mTBI was based on previous findings that females are generally more active than males (e.g. Blizard et al., 1975) and that females emerge more quickly from anesthesia than males (e.g. Myles et al., 2001; O'Connor et al., 2003) . Following this observation period, rats were returned to a holding cage in the colony, housed singly overnight, and checked every 4-5 h for signs of any unexpected adverse effects; none were observed. The following day all rats were returned to their original cage pairs and left undisturbed aside from routine husbandry chores for the next 3 days.
Locomotor activity and anxiety-like behavior in an open field
On the 4th day following the impact procedures, each rat was individually evaluated in an open field for levels of locomotor activity and anxiety-like behavior. The open field was a 100-cm 2 wood arena that was painted black. Each rat was placed in the field, facing a corner, and could freely explore it for 5 min. A video camera was positioned above the field and rats' behavior was recorded, tracked, and summarized using ANY-Maze video tracking system (Stoelting Co., Wood Dale, IL). Using the ANY-Maze software, the field was divided into two 'zones', a 20-cm wide perimeter corridor and a 60-cm 2 center area. This was done to aid in our ability to distinguish between general activity levels and anxiety-like behavior. The primary measure used to gauge activity was the distance traveled in the perimeter and the primary measure used to gauge anxiety-like behavior was the distance traveled in the center. An additional index of anxiety/exploration was the numbers of entries into each of these zones, reflecting rats' willingness to repeatedly venture away from the more secure perimeter area into the more anxiety-provoking center area.
Spatial learning and memory in a water maze
On the 5th day following the impact procedures-the day following the open field testing-rats' ability to learn the spatial location of a stationary, hidden platform in a large pool of water was assessed. The pool itself was devoid of information and thus rats needed to learn the platform's location relative to available distal visual, auditory, and olfactory cues, including large black and white geometric figures on the walls; the experimenter and a computer; the holding area of the platoon of rats undergoing testing on a counter; and an iPad playing music. The maze was a 1.5-m circular steel tub (Stoelting Co.) that was 70 cm deep and filled approximately half way with cool water (23 ± 1 • C). A clear Plexiglas, 10-cm diameter platform was positioned in the center of one of the four quadrants in the pool approximately 2 cm below the surface of the water. Rats received 4 days of 4 training trials for a total of 16 trials in platoons of 8 rats. Females were always tested before males and all platoons contained both sham and injured rats. On each training trial, rats were released into the pool, facing the wall, from one of four randomly determined release positions, arbitrarily designated N, S, W, and E; each position was used once per day. Rats were given 60 s to search the pool for the hidden platform and, if they found and escaped onto it before time was up, the trial was stopped and the rat remained on the platform for 10 s before being returned to a holding cage in the same room that concealed its view of the room. If the rat failed to find the platform, they were gently guided to it by the experimenter after 60 s, and remained on it for 10 s before being removed to its holding cage. All rats in a platoon received a trial before proceeding to the next trial resulting in inter-trial intervals of 7-10 min.
The magnitude of rats' spatial biases toward the quadrant of the pool that contained the platform during training was assessed with two probe trials. These trials were also 60 s each and on them the platform was removed from the pool and rats' search patterns were recorded. The first probe trial (ACQUISITION) was used to assess spatial learning and occurred on training day 4, between trials 2 and 3. By giving rats 2 training trials before the first probe trial, learning could immediately be evaluated in the absence of long-term memory retention. The 2 trials that occurred after the probe trial served to mitigate the impact of the probe, which is an extinction trial, so that rats could be reminded of the platform's location. This was important for the second probe trial that occurred 6 days later; this probe trial (RETENTION) was used to assess long-term spatial memory for the platform's location. The primary dependent measure on probe trials was the percentage of the total distance rats traveled in the pool that was in the quadrant that contained the platform during training (TARGET quadrant). These trials were evaluated in 30-s bins to capture any potentially strong biases that emerged only initially and then waned thereafter, typical of training probe trials, or, conversely, evidence of biases that emerged only later after more There were no significant differences in the latency of rats to wake from anesthesia (A) as a function of biological sex of injury condition. Female mTBI rats had significantly shorter latencies to right themselves (B) compared to female sham rats; the difference between male mTBI and sham rats was not significantly different. *p < 0.05 female mTBI vs. female sham.
random exploration of the pool that may sometimes occur after a long absence from the training procedures, typical of retention probe trials.
Doublecortin immunohistochemistry and unbiased stereology
On the same day of the second, retention, probe trial and 14 days following the mTBI procedures, rats were deeply anesthetized using isoflurane anesthesia delivered in 1.5% oxygen, decapitated, and brains were rapidly extracted and post-fixed in 4% paraformaldehyde at 4 • C. At the time of decapitation, approximately 1 ml of trunk blood was collected and placed on ice. These samples were then centrifuged at 1500 × g for 10 min at 4 • C, the supernatant reserved and stored at −80 • C until processing (see 2.7).
Post-fixed brains were sectioned through the rostral-caudal extent of the hippocampal formation on a vibratome with every 4th 40-m section retained for doublecortin (DCX) immunohistochemistry, which was conducted as previously described (Glenn et al., 2007; McCall et al., 2015) . Briefly, free floating sections were rinsed in Tris-buffered saline (TBS; pH 7.3) and treated with 0.6% hydrogen peroxide for 30 min followed by incubation in 0.1% Triton X-100 (TTX; Sigma-Aldrich Corp., St. Louis, MO) and 3% normal horse serum (NHS; Vector Laboratories, Burlingame, CA) at room temperature to reduce non-specific staining. Sections were then incubated overnight at 4 • C in a primary antibody solution (DCX polyclonal goat antibody; 1:200; Santa Cruz Biotechnology, Santa Fig. 3 . Activity levels during the 5 min after waking. Female mTBI rats had significantly higher activity scores during the first minutes after waking compared to all other groups. *p < 0.05 female mTBI vs. female sham.
Cruz, CA) also containing 0.1% TTX and 3% NHS. On the second day, sections were rinsed again in TBS and incubated at room temperature in a secondary antibody solution (biotinylated horse anti-goat; 1:200; Vector) for 2 h. After rinsing sections again with TBS, they were incubated in an avidin-biotin complex (ABC; Vector) for 1 h at room temperature, rinsed again in TBS, and developed with vector grey (Vector SG Peroxidase kit; Vector).
Unbiased stereology was used to estimate the number of new, immature, neurons in the dentate gyrus of the hippocampal formation. DCX-labeled cells in the dentate gyrus in one hemisphere were counted using the optical fractionator method (Mouton et al., 2002; West, 1999) . From each brain, five sections through the dentate gyrus in the dorsal hippocampus were used with a sampling region restricted to the granule cell layers of the dorsal and ventral blades of the dentate gyrus. StereoInvestigator software (Microbrightfield Inc., Willison, VT) was used to guide the systematic sampling through this region with a 100 × 100 m counting frame and generated 30-40 sites per section for analysis, yielding 150-200 frames per rat, consistent with our past work using this technique (Glenn et al., 2007) . The optical dissector was set to a height of 20 m with a 2-m guard zone; DCX-labeled cells observed in each frame were counted at 400× magnification. Using the same sections, estimates of the volume of dentate gyrus sampled in each rat was obtained based on the boundaries of the contour tracings and final estimates of numbers of DCX-labeled neurons are shown as numbers per volume of dentate gyrus. This method minimizes the contribution of differences in the contour region traced or region size among rats or groups, particularly occurring as a result of brain size differences between females and males (McCall et al., 2015) .
Sera levels of brain-derived neurotrophic factor (BDNF)
The sera collected from a small, randomly-generated subsample of rats in each of the 4 experimental conditions (n = 3/condition) was assessed for levels of BDNF using a ChemiKine TM BDNF sandwich ELISA kit (Millipore, Temecula, CA; cat. no. CYT306). Sera samples were prepared according to manufacturer's instructions, processed in duplicate, and are shown in pg/ml.
Statistical analyses
Means and standard error of the means were calculated for dependent measures and are displayed in figures. Based on the a priori predictions that mTBI would induce deficits on assays used, we tested a finite number of planned comparisons: female sham versus injured rats comprised one set of comparisons and male sham versus injured rats comprised the other set of comparisons. As Overall, females, compared to males, traveled further distances in the perimeter of the field (A) and in the center of the field (B) and made more entries into the center of the field (C). There were no effects of injury in either sex on perimeter distance traveled, whereas female mTBI rats traveled significant further distances in and made more entries to the center than female sham rats. This injury effect was not observed in male rats. *p < 0.05 female mTBI vs. female sham.
outlined by Keppel and Wickens (2004) , for experimental designs in which a dependent measure is expected to be influenced by a treatment condition, planned comparisons are an appropriate statistical tool. Given the mild nature of the injury the novel methods in this study were designed to produce and the ways in which behavior is variable, this statistical plan was adopted to carefully seek out mild outcomes-particular when the appropriate interaction was not statistically significant with ␣ set at 0.05. That said, the effects of the independent variables of Injury (sham versus mTBI) and biological Sex (female versus male) on the dependent measures were also analyzed using 2 × 2 completely between analyses of variance (ANOVA). Based on our conservative statistical approach, the risk of inflating type 1 error rates was considered modest and tests with fewer than five comparisons were reported uncorrected with statistical significance set at p < 0.05, though trends in the data were acknowledged if p values were between 0.05 and 0.10. For the analysis across 5 min of recovery, a Bonferroni correction was applied. All statistical analyses were conducting use Statistical Package for the Social Sciences (SPSS, IBM ver. 23). Fig. 2 shows data gathered from the observations of rats from each of our experimental conditions during recovery. Neither female nor male mTBI rats differed from their respective same-sex sham group in latencies to emerge from anesthesia (all p's > 0.10; see Fig. 2A ). Additionally, male mTBI rats were not significantly different from sham mTBI rats in their latencies to right (p > 0.10). However, female mTBI rats had significantly shorter latencies to right themselves compared to female sham rats (p = 0.029; see Fig. 2B ). Supporting this pattern, ANOVAs conducted on the latencies of female and male, sham and mTBI rats to emerge from anesthesia and to right themselves revealed no statistically significant main effects of Sex or Injury, and no significant interactions between them (all p's > 0.05).
Results
mTBI recovery
Fitting with the findings reported above, female mTBI, compared to female sham, rats also showed increased activity levels during the subsequent 5-min observation period after waking. This was statistically significant during minutes 1 (p < 0.001) and 2 (p = 0.008), but not during minute 3 (p = 0.063), or minutes 4 and 5 (p's > 0.10); male mTBI and sham rats showed no significant differences (all p's > 0.10). A 2 × 2 × 5 mixed factorial ANOVA, with between factors of Sex and Injury and the repeated measure of Minute (1 through 5), on rats' activity scores confirmed this pattern with a significant 3-way interaction (F[4,104] = 2.465, p = 0.050). This indicates that changes in activity level over time were differentially impacted by Sex and Injury status of the rats (see .728, p < 0.001) were significant. These effects arose out of the substantial influence of the female mTBI group in the early minutes of the observation (Fig. 3) . Fig. 4 shows the activity of rats in the open field arena. In terms of general activity levels, indexed by distance traveled in the perimeter region of the open field, there were no significant differences between female mTBI and sham rats or male mTBI and sham rats (all p's > 0.10; see Fig. 4A ). A 2 × 2 ANOVA conducted on this measure revealed a statistically significant main effect of Sex (F[1,28] = 37.564, p < 0.001) but not a significant main effect of Injury nor a significant interaction between Sex and Injury (p's>0.10). This reflects the characteristic pattern of female rats, overall, being more active than male rats. In terms of anxiety-like effects, indexed by distance traveled in the center region of the open field, female mTBI rats traveled significantly farther in the center of the field than female sham rats (p = 0.005; see Fig. 4B ); this was not true for male rats (p = 0.221). A 2 × 2 ANOVA conducted on this measure also revealed significant main effects of Sex (F[1,28] = 52.631, p < 0.001), but also of Injury (F[1,28] = 7.253, p = 0.012). The former effect, again reflecting more activity in female rats, overall, when compared to male rats; the latter effect reflecting greater distances traveled in rats with mTBI due to the large effect of mTBI in female, not male, rats. A follow-up analysis of another anxiety-like measure, numbers of entries into the center of the field, revealed similar results: female mTBI rats made significantly more entries into the center of the field than female sham rats (p = 0.011; see 5 . Spatial learning in the water maze. All groups showed decreasing latencies to locate the hidden platform over days of training. In females (A), there were no significant differences between sham and mTBI; in males (B), mTBI rats had longer latencies than sham rats on days 3 and 4 of training. #p < 0.07 male mTBI vs. male sham.
Locomotor activity and anxiety-like behavior in an open field
3.3. Spatial learning and memory in a water maze Fig. 5 shows the performance of rats on the stationary platform test of reference memory in the water maze. On latencies averaged over trials for each day of acquisition, there were, overall, no effects in female rats (p's > 0.10; see Fig. 5A ) and only mild and statistically non-significant effects in male rats on the last 2 training days (p = 0.069 and p = 0.062, respectively; see Fig. 5B ). A 2 × 2 × 4 mixed factorial ANOVA with Sex and Injury as between factors and Day (1-4) as a repeated measure revealed a statistically significant main effect of Day (F[3, 84] = 45.767, p < 0.001), indicating that, overall, rats showed decreasing latencies to locate the hidden platform over the 4 days of training. There were no interactions between Day and Sex, Day and Injury, or Day, Injury and Sex (all p's > 0.05). Interestingly, however, when examining rats' latencies on individual trials over each day of training, it was evident that female, but less so male, mTBI rats consistently took longer than sham rats to locate the platform on the first trials of days; these data are displayed in Fig. 6 for females and males. Thus, latencies on the first trial of each day was analyzed using a 2 × 2 × 4 ANOVA with Sex and Injury as between factors and Trial 1 from each day (1-4) as a repeated measure. The ANOVA revealed a statistically significant main effect of Trial 1 on each of the 4 days (F[3,84] = 21.903, p < 0.001); rats' latencies on the first trial declined with days of training. The interactions between Trial 1 and Sex, Trial 1 and Injury, and Trial 1, Sex, and Injury were not statistically significant (all p's > 0.05). The main effect of Sex and the interaction between Sex and Injury were also not significant (all p's > 0.05). However, the main effect of Injury was statistically significant (F[1,28] = 5.090, p = 0.032): mTBI rats had, on average, longer latencies on first trials than sham rats and this was particularly marked in females compared to males (p = 0.034 and p = 0.103, respectively; see Fig. 6A ). 6 . Performance of rats on first trials of each training day. Overall, female mTBI rats (A) had longer latencies than female sham rats to locate the hidden platform on the first trial of each day; the average of first trials was significantly longer mTBI rats. In male mTBI rats (B), latencies on first trials tended to be longer than male sham rats on days 3 and 4 but these differences, along with the average of first trials, were not statistically significant. *p < 0.05 female mTBI vs. female sham.
Results of the two probe trials conducted to assess acquisition and retention, respectively, are displayed in Fig. 7 . For the ACQUI-SITION probe, both female groups showed a bias for the quadrant that contained the platform during training that exceeded what would be expected from random searching (25% chance line in the graphs; see Fig. 7A ). However, this bias was significantly diminished in female mTBI rats in comparison to their sham comparison groups during the 2nd segment of the probe trial (p = 0.013) and overall (p = 0.010). mTBI male rats, unlike their sham counterparts, did not show a bias for the target quadrant in the 1st segment (p > 0.1; see Fig. 7B ) and, during that time, spent a significantly smaller proportion of their time than sham rats in the target quadrant (p = 0.044). A 2 × 2 × 2 mixed factorial ANOVA with Sex and Injury as between factors and Segment of the probe trial (1st 30 s; 2nd 30 s) as the repeated measure revealed that only the main effect of Injury was statistically significant (F[1,28] = 7.840, p = 0.009); the other main effects and interactions were not significant (all p's > 0.05). This confirms the overall pattern that, on the acquisition probe test, mTBI rats showed diminished biases for the quadrant that contained the platform during training.
For the RETENTION probe, none of the female groups showed a bias for the target quadrant (all p's > 0.1; Fig. 7C ) and only male sham rats showed a non-significant bias and only during the 2nd segment (p = 0.066). There were no biases for this quadrant in sham rats in the 1st segment and the mTBI rats, overall, failed to show a bias for the quadrant at any time during the probe trial (see Fig. 7D ). Additionally, a 2 × 2 × 2 ANOVA revealed that there were no significant main effects or interactions (all p's > 0.1), however the interaction between Segment of the probe trial and Injury approached significance (F[1,28] = 3.398, p = 0.076). This is consistent with somewhat better performance by Sham rats on the 2nd segment of the test. Fig. 7 . Performance of rats on probe trials. On the ACQUISITION probe trial (A, B) that occurred on the last day of training, rats with mTBI did not display strong biases toward the quadrant of the pool that contained the platform on training trials. This was most evident in females (A) during the second segment of the trial and in males (B) on the first segment of the trial. On the RETENTION probe trial (C, D) that occurred a week after the last training day, there was little evidence of a quadrant bias in all female groups (C) and, in males (D), sham rats showed a mild bias toward the training quadrant. #p < 0.07 male mTBI vs. male sham.
3.4. Adult hippocampal neurogenesis and sera levels of brain-derived neurotrophic factor Fig. 8A shows the estimated numbers of neurons in the dentate gyrus of the hippocampal formation that were positive for the immature new neuron marker, doublecortin (DCX). Female mTBI rats had significantly fewer DCX+ neurons than female sham rats (p = 0.021) but there was no significant difference in males (p = 0.372). A 2 × 2 ANOVA with Sex and Injury as between factors did not reveal a statistically significant main effect of Sex (p > 0.05), but the main effect of Injury approached significance (F[1,28] = 3.401, p = 0.076); mTBI rats exhibited fewer DCX+ neurons per volume of region sampled than sham rats. The interaction between Sex and Injury was also not significant (p > 0.05). Fig. 8B shows the levels of BDNF detected in sera. In this case, there were no statistically significant results. However, fitting well with the consistent pattern of mTBI effects emerging frequently in females, more so than males, there was a non-significant tendency for female mTBI rats to have reduced BDNF levels in comparison to female sham rats (p = 0.059). This effect was not observed in male rats and a 2 × 2 ANOVA failed to reveal any statistically significant effects (all p's > 0.10).
Discussion
The present study describes a novel mTBI delivery device to reproduce a mechanism of injury not currently being modeled in the field: rats were in motion and came into contact with a stationary object. Immediately following and within days of the injury, rats displayed changes to their behavior consistent with the kinds of symptoms observed in other animal models along with some new patterns. Overall, the effects of mTBI induced in this novel way were also consistent with observations of the effects of mTBI in humans. In particular, we found clear-cut sexually dimorphic effects with injured females displaying changes to their immediate recovery behavior and, over the next several days, changes to their emotional and cognitive function. Immediate effects were not evident in males and though their learning deficits were more apparent, the outcomes were consistently worse in females and extended to the biological findings. These novel results strongly point to the necessity of evaluating females and males in studies of brain injury outcomes. Additionally, the new methods of inducing mTBI described in this paper addresses a gap in the field and will allow researchers to study more varieties of injuries and have access to a model more comparable to an array of situations in which humans may sustain concussions.
As the novel method used to induce mTBI in this study led to, overall, a number of behavioral and neural effects in the rats, this new rodent model of concussion has significant potential to increase understanding of this mildest category of head injury. The prototype developed for use in this study has numerous modifiable aspects that can be adjusted according to study goals, including the height and angle from which rats are dropped and the position of the rats' heads upon impact. In the present study, we elected to have rats land on the dorsal surface of their head; in future studies we intend to compare outcomes following lateral or frontal impacts. In addition to these kinds of modifications, the apparatus may be particularly useful for the study of differential outcomes following mTBI in female and male rats of different ages and injury histories. Our methods and apparatus are well-suited to accommodate the realities of the ways in which differences in weight, bone structure and density, and musculature may affect one's injury profile. This type of unique injury profile is achieved by allowing the rats' weights to affect their acceleration towards the impact zone, a component absent in some other models of mTBI. In this study, the angle of descent was modified slightly, by 5 • , to additionally compensate for differences between female and male rats; for future studies, there are many possible configurations that can be utilized. Our primary goal in designing the apparatus and selecting the measures used was to attempt to better replicate the kind of scenario in which someone sustains a head injury by accelerating towards a stationary object. This situation is not well-represented in existing models and the present findings offer a solution to this gap in the field.
In addition to characterizing the viability of the new methods and apparatus, a major aim of the present study was to compare the behavioral and biological effects of mTBI, sustained in this new way, in female and male rats. This comparison yielded a number of compelling patterns: overall, there were significantly different effects of the injury in female versus male rats with injury in females being especially profound-affecting them on all measures. By contrast, injury in males produced modest deficits in spatial learning and long-term memory retention without significant outcomes on any other measures collected. Thus, the novel methods used in this report may be an example of a type of injury to which females are vulnerable and it is possible that the females sustained a more severe injury. Alternatively, or additionally, the outcomes studied may better reflect the symptom profile this specific injury induces in female, but not male rats. According to this interpretation, other kinds of tests may have been more sensitive to the effects in males and future research will address this possibility. It should be noted that the female estrous cycle was not tracked in the present study and it is possible that sustaining the injury, or undergoing assessment at specific phases of the cycle could have affected the results.
However, we elected to have one rat from each cage undergo injury while its cage-mate served as a sham; given the propensity of animals housed together to have synchronous cycles it seems unlikely, but cannot be ruled out, that all the shams were in one cycle and all injured rats in another during testing. Nonetheless, the results are consistent with other reports in the literature that females and males have differential outcomes following concussion and, in particular, that females show more symptoms (Broshek et al., 2005; Covassin et al., 2007 Covassin et al., , 2012 Frommer et al., 2011) . Whether these differences are rooted in culture or biology is not clear from human studies: are women more likely to report symptoms and more concerned about their future health outcomes? Findings from animal studies, such as those presented here, point to a biological explanation that warrants continued, careful exploration.
The pattern of findings in female rats in the present study, in addition to being distinct from that of males, was novel in several ways. First, the injured females emerged from anesthesia immediately following the injury markedly faster than sham females and both male groups. Then, once awake, they were more quick to right themselves and were very active during the recovery observation period. By contrast, mTBI in other rodent models leads to delays in waking and righting (Mychasiuk et al., 2015 (Mychasiuk et al., , 2016 Schmidt et al., 2000; Stern et al., 2011) . Thus, the mechanism of injury in the present study clearly resulted in a unique immediate effect in female rats and no immediate effects in male rats. As females, in general, suffer from concussions at a higher rate (Dick, 2009) , it is possible that the pattern observed was due to physical differences between females and males, thereby leading a greater injury in females. Thus, this model may be particularly worthwhile in its sensitivity to differences in body mass and musculature. The females, in this case, may have awoken more rapidly because the impact, for them, was sufficient to accelerate emergence from the anesthesia and increase their overall activity in the minutes following the injury.
Another way that the female data were novel was in the significant reduction to anxiety-like behavior in the open field in the days following injury. Specifically, the injured females entered the center, anxiety-provoking area of the field sooner and spent more time there in comparison to the sham females. This pattern occurred without any significant increase to overall activity levels, suggesting that their increased center activity was not an artifact of a more general effect on locomotion. One way to interpret their increased center activity is that injured females are less anxious and more exploratory. However, the finding is also consistent with a possible deficit in impulse control and disinhibition (Königs et al., 2015; Max et al., 2005; Konrad et al., 2000) . Also, it is plausible to attribute the declines in hippocampal neurogenesis to the memory deficit, but that decline was only observed in female rats, though male rats also showed memory deficits. The integrity of the hippocampus is also critical for aspects of emotion regulation, including behavioral inhibition (Gray, 1982; Gray and McNaughton, 2000) . Thus, the open field changes in injured females may be linked to the hippocampal changes. This interpretation also points to undetected effects on hippocampal function that are likely to underlie the spatial memory impairments. More detailed analysis of cell structures and neurochemistry may be useful targets for future studies (Gao and Chen, 2011; Ling et al., 2015) Interestingly, Mychasiuk et al. (2015) recently reported secondary ADHD symptoms in male rats following mTBI sustained during the juvenile period; females in this study were more likely to be hypoactive. The present study used adult rats and the mechanism of injury was different, yet the consistency in observing sex differences along this domain strongly suggest that this may be a sexually dimorphic feature to mTBI and the nature of the effect may depend strongly on mechanism of injury and the developmental period in which it occurs.
The likelihood that females were more vulnerable to the novel mechanism of injury used in this study is further supported by the significant decrease in sera levels of the neurotrophin, BDNF. This finding adds to other literature in the field that drops in BDNF may serve as a viable biomarker of concussion. For example, Korley et al. (2016) found that BDNF levels were significantly lower in mild TBI cases compared to moderate and severe TBI when assessed on the day of the injury. Additionally, they reported that lower BDNF levels following mTBI was predictive of poorer outcomes at a 6-month follow-up. That significantly lowered levels of BDNF in sera were still evident 14 days after injury in the present study suggests that this may be a robust and persistent marker of mTBI in our model. Key goals of future studies are to determine the time course to BDNF changes in sera and to seek correlations between the extent of the decline in BDNF with force data during injury and outcomes in behavioral tests at multiple post-injury intervals. These kinds of analyses were not possible in the present study as we only measured BDNF in a small subset of rats from each experimental condition and assessed rats only within 2 weeks of the injury. Additionally, adequate force data were not available for even a preliminary analysis. Interestingly, it is probable that the declines in BDNF were a likely contributor to the decreased levels of neurogenesis detected in the dentate gyrus of the hippocampus in injured female rats.
The present novel methods and mechanism of injury are promising avenues for future work aimed at better replicating, and thus understanding mild closed head injuries in rodents. There were, however, some limitations to the present study. First, injuries in males may not be severe enough to provide an equitable injury across the sexes. While immediate post-recovery data supports this hypothesis, we cannot rule out the possibility that the differential outcomes may be a result of sexually dimorphisms in symptom type that was best captured in female rats with the selected behavioral tests. Secondly, the angle of impact for males (180 • ) was the highest angle achievable with our present apparatus, thus limiting our ability to produce a larger injury in males. We are continuing to make adjustments to the apparatus for future studies, namely making the rotating arm longer and taller, giving us a larger range of motion and the ability to increase the impact angle for larger impact forces. With a device capable of producing larger impacts and an appropriately calibrated impact sensor, we anticipate varying the injury severity to evaluate the spectrum of cognitive, behavioral, and locomotor deficits to better investigate sex and age difference and the effects of multiple injuries.
Conclusion
The new device described here allowed for the induction of a single, mild traumatic brain injury that produced sexually dimorphic locomotor, emotional, and cognitive deficits and resulted in biological differences from sham rats. More research is needed to explore the complex sequelae of mTBI and this model allows for flexibility in the severity, timing, and location of each impact. It is well established in the literature that multiple mTBIs can lead to poorer outcomes (Nichols et al., 2016; Petraglia et al., 2014) and injuries sustained during adolescence may have differential outcomes and alter adult responses to injury. The new method to induce injury described in this paper is well suited for the exploration of these variables and satisfies many features of a valid animal model (Cernak, 2005) : the novel approach of accelerating the head towards a stationary object is more akin to some injuries in which a human is in motion at the time of impact; and there were sexually dimorphic and robust behavioral and biochemical changes as a result of inflicting a single, mild TBI. Much more research is needed to explore the complex sequelae of mTBI and this model allows for flexibility in the severity, timing, and location of each impact.
